Abstract-A comparative analysis of flowcharts for helium recovery from high-pressure natural gas using modern gas separation membranes has been performed. Options have been investigated in one class of twostage flowcharts with one interstage compressor and a single-step helium extraction process in the first stage. The results of numerical optimization for minimizing the total energy costs, including the resource-saving factor for the methane component, are presented, and recommendations on the engineering design of the membrane unit are given.
INTRODUCTION
Membrane recovery of associated gas components from natural gas is characterized in that a certain proportion of methane will be present along with the recovered target gas in the product gas stream, a feature that is also typical of sorption processes for the purification of natural gas. The unwilling removal of a part of extracted and stripped methane, even in an amount of 0.10% of its produced industrial volume, from the marketable end product is reasonable to be considered as a negative factor, since this is equivalent to potential energy losses in view of the high calorific value of methane. This problem is addressed in this study using the example of helium recovery on the helium membrane separation unit (HMSU) at the Chayandinskoe field with its different technological architectures.
PROBLEM FORMULATION
The lower volumetric heating value of pure methane under standard conditions (0.1013 MPa, 20°С), for example, as specified in [1] , is 33.43 ± 0.05 MJ/m 3 . In the case of using methane in a gas turbine unit (GTU) to generate electricity, we will take into account the electrical efficiency of GTU (elGT). According to [2] , it lies in the range of 33-39%, and its value reaches 57-59% with utilization of heat of exhaust gases. Therefore, in further energy calculations, two cases of elGT are considered: 36 and 58%. Electric power generation using GTU will give a specific power of 3343.0 and 5385.9 W per 1.0 m 3 (STP)/h of methane, respectively. Consequently, along with the power of compressors used in the membrane unit, it is necessary to additionally take into account the resource-saving factor for methane in the composition of the product gas stream with recovered helium. For this purpose, we will analyze and compare the efficiency of at least three technological solutions for the membrane recovery of helium, as proposed in [3] [4] [5] . These technological solutions belong to the same class of two-stage flowcharts of gas separation and have one interstage compressor station (ICS) directly involved in the membrane gas separation process. The correctness of the comparison requires that identical operating parameters of membrane equipment and the same gas separation properties of the membranes themselves should be used in calculations for the options considered. The goal is to minimize the amount of methane in the composition of the withdrawn gas with recovered helium, taking into account changes in the power of the compressors in the process of achieving this goal.
INPUT DATA AND CALCULATION MODEL
For numerical simulation of membrane gas separation processes, the feed gas stream is conventionally assumed to be binary (only methane and helium),
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Vol. 1 No. 1 2019 SOLOMAKHIN composed of 0.55 mol % helium and 99.45 mol % methane at an absolute pressure of P = 10.0 MPa. The apparent helium/methane selectivity at a working gas temperature of +50°C and a working pressure is assumed to be 100. The final requirement for the residual helium content in the stripped gas from the output of the separation unit is set at 0.05 mol %. Low pressure in permeate streams was assumed to be 0.15 MPa (absolute). In the calculations of membrane gas separation, the plug flow model was used for the penetrant gases without taking account of concentration polarization and other nonlinear effects.
In all further calculations and comparative analysis, the permeability for the target gas component, which is an important parameter of the membranes used, was not involved. In the choice of the technological architecture of the two-stage scheme from the viewpoint of assessment in terms of resource-and energy efficiency (performance) of the unit, it is sufficient to consider the helium/methane selectivity parameter alone. The helium permeability parameter will be very important when calculating capital investments in membrane equipment. But this is a separate problem, in which it is reasonable to further investigate the influence of the ratio (interrelated in most cases) between the selectivity and permeability of membranes [6] . Among the general recommendations, preference should be given to membranes with a higher permeability to helium at an identical helium/methane selectivity, taking into account the difference in cost, service live, and other membrane performance characteristics.
Version 1
The simplest two-stage flow diagram of helium membrane recovery in HMSU is presented in Fig. 1 . This flowchart was proposed in [3] and adopted as the basic version in the published tender documentation [7] . For example, Milovanov et al. [8] recommended this solution for implementation, although it is not consistent with the optimal choice for the membrane recovery of helium in terms of the integrated resource and energy-saving parameter, as will be shown below.
The results of calculations with the selected operating parameters and gas separation properties of the membrane are shown in Fig. 1 , where Q is the flow rate of each product stream in arbitrary units. In this solution, the stripped gases from the 1st and 2nd stages are combined at the same residual helium concentration of 0.05 mol % and leave the unit as Product 1. The recovered helium in the second-stage permeate is withdrawn at a low pressure from the unit as Product 2 and sent to a booster compressor station (BCS). The compressor station is not involved directly in the membrane gas separation process. However, the composition of Product 2, its flux, and the required final pressure at the BCS outlet will contribute to additional energy costs, which must be taken into account.
In the considered variant with the given formulation of the problem, there are no free parameters for carrying out optimization calculations. Therefore, this option can be chosen as a basis for further comparative analysis of resource-and energy-saving factors in assessing the performance of the unit. It should immediately be noted that this flowchart is characterized by a strict requirement for reducing the helium concentration in one step at the 2nd stage from 8.20 to 0.05 mol % (by a factor of 164), which will definitely lead to an undesirable effect in the form of an increased fraction of methane penetrated into the 2nd-stage permeate subject to withdrawal (Product 2).
The proportion of methane penetrated into Product 2 (normalization to its input quantity), together with the recovered helium to be supplied to the BCS, is given by:
The feed flow rate of helium-containing natural gas per HMSU processing line is planned to be about 640000.0 m 3 (STP)/h. In this case, the missed potential electrical power will be:
12.054 MW at an elGT of 36% or 19.420 MW at 58% elGT. For comparison, the required power of the ICS for one production line with the compression of the permeate stream of the 1st stage of HMSU from 0.15 to 10.2 MPa (absolute) will be:
7.089 MW with an ICS adiabatic efficiency of 80.0%. The required power of compressing the 2nd-stage permeate on the BCS to a pressure of 10.2 MPa (abs.) (restoration of the original working pressure without taking account of reservoir repressuring) for one production line with regard to its component composition is 1.275 MW with an adiabatic BCS efficiency of 80.0%. Thus, the estimate of the total power for the ICS and BCS is clearly less than the potential electric power that can be generated by GTU with the amount of methane in Product 2 and that the Power of Siberia gas transmission system (Product 1) will not receive permanently.
The actual meaning of this result is that the amount of pure methane withdrawn together with the recovered helium definitely exceeds the amount of required fuel gas (on a methane equivalent basis) for the operation of the ICS and BCS altogether. This circumstance has made it necessary to perform a comparative analysis of other flowchart versions in terms of total energy balance with other technological solutions. An analysis of this kind was already done by Laguntsov et al. [9, 10] using the methane recovery at the second stage as an optimization variable.
Version 2
The first alternative to the simplest two-stage flow diagram is the scheme with the division of the 2nd stage into two successive steps using two membrane blocks MB 2-1 and MB 2-2 [4] . This solution has its own optimization parameter, which is the intermediate concentration of helium between two successive stages Note that the main capital investments in membrane equipment are determined by the 1st stage of the process; therefore, the proposed division of the 2nd stage into two consecutive steps does not lead to their tangible change. The diagram does not show the gas pretreatment subsystem downstream of the ICS before gas separation at the 2nd stage (such a subsystem was proposed for use in [4] ), which may be important and extremely necessary in a number of practical cases.
Permeate streams from MB 2-1 and MB 2-2 in this scheme are used with fundamentally different functional purposes, which is essential for achieving the goal. The gas freed of helium to the predetermined value of 0.05 mol %, like in Version 1, is directed from the exit of the 2nd stage to Product 1. The permeate stream from MB 2-1 with a high concentration of helium is withdrawn from the unit and sent to the BCS, and the permeate stream from MB 2-2 is recycled by sending back to the ICS inlet together with the 1st-stage permeate, thereby slightly increasing the required power of the ICS, but reducing the required power for the BCS.
The permeate stream recycle from MB 2-2 can be depleted or enriched in helium relative to the permeate stream of the 1st stage. As will be shown below, the enrichment mode-that is, when the concentration of helium in the MB 2-2 permeate exceeds the helium concentration in the permeate stream of the 1st stage (>8.2 mol % in this case)-will be the most promising. In the above example, the helium concentration in MB 2-2 decreases by a factor of 100 and this is not a negative factor from the point of view of minimizing methane losses, since the MB 2-2 permeate stream is not removed from the unit, but is recycled as an additional load for the ICS.
The relative amount of pure methane in the MB 2-1 permeate is significantly reduced according to the calculation results presented in Fig. 2 and becomes already as low as <0.10%: Thus, the following additional power per process line relative to base Version 1 will be required for ICS + BCS: which is 21.3 times less than the potential electric power from the additionally produced methane at 36% elGT, or 34.4 times less than the potential electric power from additional methane at 58% elGT.
Note an important feature of the flowchart of Version 2, which consists in that the chart degenerates into the basic one for Version 1 in a particular case. For this case, the helium concentration between MB 2-1 and MB 2-2 should be set at 0.05 mol %, i.e., as that in the retentate at the exit from the 2nd stage. In fact, this means the absence of both the MB 2-2 block and the recycling loop at the value of 0.05 mol % of this parameter. By total energy balance will be meant the difference between the electric power that can be generated from the methane increment in the composition of Product 1 and the total power of two ICS + BCS compressors. Graphs of the total energy balance of one HMSU process line, expressed in MW, are shown in Fig. 3a for two values of the gas turbine electrical efficiency.
The zero value of total energy balance will in practice mean that an additional amount of methane has appeared in Product 1, which will fully provide the operation of two compressors. The regions in which values of total energy balance are positive correspond to an even higher yield of methane retained in Product 1. The characteristic trend of the curves in Fig. 3a shows that the main effect is achieved when the process begins to stabilize at a helium concentration of ≥5.0 mol % between MB 2-1 and МB 2-2 , although a further increase in this parameter does not contribute significantly to the growth dynamics. The dependences of the relative amount of Product 2 and the amount of methane in it are presented in Fig. 3b . The plots show that a distinct decrease in the amount of Product 2 is due only to a decrease in the proportion of methane if the requirements for helium recovery are to be retained.
Changes in the helium concentration in the streams entering the ICS and BCS are shown in Fig. 4 . The values of this parameter from 0.05 to 0.55 mol % correspond to the recycling of helium-depleted permeate stream of the 1st stage, and with those greater The initial or starting points on these plots correspond to basic Version 1. The results show that in the case of a binary gas mixture model, it is quite possible to obtain a helium concentration at a level of 85 mol % or more in Product 2 using a technologically sound solution alone; that is, the production of helium concentrate is actually achieved without application of cryogenic technology. In the case of membrane separation of the actual natural gas, the gas may contain other easily penetrating associated gases, for example, hydrogen and carbon dioxide, which have a higher permeability through membranes than methane. The additional penetrating gases, in turn, can somewhat reduce the concentration of recovered helium in the permeate stream and further increase the load on the compressor.
The discussed qualitative and quantitative results on the significant influence on the integrated resource-and energy-saving indicator are provided by the technological method of high minimization of the amount of methane withdrawn as part of Product 2. Moreover, the methane saving dominates by an order of magnitude over the relatively small increase in the total power of the ICS and BCS compressors for this purpose.
Version 3
Another alternative to the simplest flowchart is a variant of the recycle scheme with a similar subdivision of the 2nd stage into two steps with membrane blocks MB 2-1 and MB 2-2 [5] . In this solution, an additional recycle loop appears, in which the retentate from the exit of the 2nd stage with the gas stream that is not completely freed of helium is directed to the inlet of the 1st stage, as shown in Fig. 5 .
The difference in flowchart between Version 3 and Version 2 is that a smaller number of membranes are used in the membrane block MB 2-2 so that the effluent retentate stream has a residual helium concentration equal to the concentration of helium in the gas stream fed to the unit. Therefore, this retentate stream can be recycled to the inlet of the 1st stage together with the feed gas stream (the case is considered when the input helium concentration at the entrance to the 1st stage remains unchanged). With this additional recycling, it is necessary to increase the number of membranes already in the 1st stage, since the feed flow rate has increased and it is required to observe the preset condition on the residual concentration of helium in Product 1. The Version 3 flowchart performance in terms of the integrated resource-and energy-saving factor completely coincides with that of Version 2 within the framework of the chosen model and the adopted limitations in numerical calculations, which is typical for additive processes of gas transport through membranes in the absence of nonlinear effects.
In the recycle flowchart shown in Fig. 5 , there is a similar particular case where the 2nd stage degenerates into a one-step helium recovery process (membrane block MB 2-2 and the enrichment recycle loop disappear). For this case, the helium concentration between MB 2-1 and MB 2-2 must be set at 0.55 mol %, i.e., equal to the helium concentration in the recycle stream of the second-stage retentate. The particular case of this flowchart corresponds to one of the options proposed in [5] . The gas stream parameters are shown in Fig. 6 .
As can be seen, the results are inferior to those shown in Figs. 2 and 5, but they are better than the performance characteristics of the simplest flowchart in Fig. 1 .
CONCLUSIONS AND RECOMMENDATIONS
(1) As a result of calculations and analysis of three versions of technological solutions for the flowchart in one class of two-stage membrane units with identical gas separation properties of membranes and with equal parameters of their operation using the example of only one process line of the helium membrane separation unit at the Chayandinskoe field, the following can be noted:
-the assessment of the performance of the unit in terms of the integrated resource-and energy-saving factor has shown definite dominance of the resourcesaving component for methane in Product 2, rather than the additional change in power of the compressors used; -the additional yield of pure methane in the composition of Product 1 in the case of application of flowchart solutions in Version 2 or 3 is identical and can be as high 0.5% of its industrial volume at the inlet of the unit, which tens of times greater than the additional power of compressors (ICS + BCS) required for achieving this goal; -the total yield of additional pure methane in Product 1 on passion from Version 1 to identical Versions 2 and 3 may exceed the amount of required fuel gas (on a methane equivalent basis) for ICS + ICS even at 36% elGT. from the final product (the specifics of working with natural gas) adversely affects the total energy balance in the composition of operating costs, which should be taken into account at the initial stage of the design of industrial facilities involving membrane technologies. The main conclusion based on the results of the comprehensive analysis of the aggregate resource-and energy-saving factor consists in recommending the use of technological solutions according to Version 2 or 3.
(3) The simplest Version 1 of a two-stage flowchart for membrane recovery of helium, which is recommended for industrial use, unfortunately does not correspond to the optimal choice for the problem of membrane recovery of helium in terms of the integrated resource-and energy-saving parameter.
(4) For Versions 2 and 3, there are no qualitative and quantitative differences in the final results of gas separation processes with the same value of intermediate helium concentration at the 2nd stage (between MB 2-1 and MB 2-2 ). However, as far as the possibility of upgrading the industrial HMSU is considered, Version 2 is preferable, since it does not require adjustment of the 1st stage as the most capital-intensive subsystem in part of membrane equipment. Modernization will be required at the second stage with a review of the adequacy of the ICS and BCS characteristics.
